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Power Comparisons of the Transmission/
Disequilibrium Test and Sib–Transmission/
Disequilibrium-Test Statistics
To the Editor:
Several recent papers have considered the extension of
the transmission/disequilibrium test (TDT) to families in
which parental DNA is not available but in which un-
affected siblings can be sampled. Each of these tests com-
pares the alleles in the affected offspring with those in
the unaffected offspring. The tests differ both in the pre-
cise statistics used and in the numbers of affected and
unaffected offspring included. Spielman and Ewens
(1998) have developed the sib TDT (S-TDT) for families
with an arbitrary number of affected and unaffected
members (including at least one of each). Curtis (1997)
has used families with a single affected offspring and an
arbitrary number of unaffected offspring but has ana-
lyzed only that unaffected offspring who has the geno-
type most different from that of the affected offspring.
Boehnke and Langefeld (1998) have used a discordant-
sib-pair approach. The S-TDT is a test of linkage, but
it is also valid as a test of allelic association in which
precisely one affected sibling and one unaffected sibling
are used, as is the case in the tests that have been de-
scribed by Curtis (1997) and Boehnke and Langefeld
(1998).
These authors have considered power in different con-
texts—for example, across offspring genotype configu-
rations (Spielman and Ewens 1998) and across genetic
models (Boehnke and Langefeld 1998)—but none of the
approaches used was intended to provide an overall as-
sessment of the power of a sibling-based TDT statistic
compared with that of the original formulation of the
TDT. Here we derive a relationship between power for
the S-TDT and the TDT, which shows that, to achieve
similar power, considerably more genotyping is required
for the S-TDT than for the TDT. This is intuitively clear,
for the following reason. For both tests, a family is in-
formative only if at least one parent is heterozygous.
The S-TDT requires an additional condition to be true:
both alleles from the heterozygous parent must be pre-
sent in the offspring. This implies that the informative-
ness of the S-TDT statistic increases with the number of
siblings genotyped. Because of the variation associated
with the alleles inherited by the n unaffected siblings,
we expect that, for finite n, the S-TDT will be less pow-
erful than the TDT, with the power of the S-TDT tending
toward that of the TDT as . Below we formalizen r 
this argument. Our results extend the power calculations
of Spielman and Ewens (1998): in table 5 of their paper,
they give the power of both the S-TDT and the TDT,
for families with one heterozygous and one homozygous
parent, a single affected child, and two to four unaffected
children. Their power calculations are conditional on
both alleles from the heterozygous parent being present
in the offspring, which, as the authors acknowledge,
covers only a small proportion of possible family ge-
notype configurations. This conditioning on the off-
spring genotypes implies that all families are informative
for the S-TDT, and therefore it crucially affects the
power of the S-TDT. With this conditioning, the power
of the S-TDT is almost as great as that of the TDT;
without it, the power of the S-TDT may be considerably
reduced.
For the sake of simplicity, we consider a sample of k
families, assuming that in each family there are a single
affected offspring and n unaffected offspring. All indi-
viduals have been genotyped at a diallelic marker locus
with alleles M and m; let the numbers of M alleles in
the offspring in the ith family be Xi for the affected sib
and Yij, , for the unaffected sibs. We con-j  {1,2,) ,n}
dition on the parental genotypes in the sample and com-
pare the TDT and S-TDT for this sample. The difference
between the two statistics can be summarized as follows.
The TDT compares , with , wherekX  S X E (X FH )7 i1 i 7 0
this expected value is calculated from the parental
marker information, under the assumption that the null
hypothesis is true—that is, either of the two alleles in a
heterozygous parent is equally likely to be transmitted
to an affected child. The S-TDT, however, is designed
for use when this parental information is unavailable;
instead, is compared with , whereX Y /n Y 7 77 77
is the total number of M alleles in the unaf-k nS S Yi1 j1 ij
fected offspring.
Our test statistics for the TDT and the S-TDT (TTDT
and TS-TDT, respectively) are obtained by the method de-
scribed, by Spielman and Ewens (1998), as the Z-score
procedure: test statistics are standardized to mean 0 and
variance 1 and are assumed to follow a standard normal
distribution. This gives , where m0T  (X  m )/jTDT 7 0 0
and are, respectively, the mean and variance of X7,
2j0
under the null hypothesis of no linkage.
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The S-TDT permutation statistic compares Xi with a
permutation of genotypes from the affected and unaf-
fected individuals and then sums the resulting statistic
over families. This is equivalent to a comparison of X7
with a pool of X7 and Y77, giving
X Y7 77X 7 n1
T S-TDT X Y7 77Var X  FH( )7 0n1
nX  Y7 77  ( )Var nX  Y FH7 77 0
nX  Y7 77 ,n(n 1)j0
since, under the null hypothesis, the random variables
Xi and Yij are independent and identically distributed for
each i, so andVar (Y FH )  nVar (X FH )77 0 7 0
2( ) ( ) ( )Var nX  Y FH n Var X FH nVar X FH7 77 0 7 0 7 0
2n(n 1)j .0
Note that, whereas Spielman and Ewens (1998) exclude
from the S-TDT sibships when all sibs have the same
genotype, we include them. This does not affect the value
of the test statistic, because such families have 0 mean
and 0 variance, but it does facilitate comparisons of the
TDT and S-TDT, because both test statistics now use
the same set of families.
We can define a second TDT statistic in these families,
looking at inheritance of M alleles from heterozygous
parents to unaffected children, giving ′T  (Y TDT 77
. Then, using the expression for TTDT above,nm )/ nj0 0
we can write TS-TDT as
1 ′T  ( nT  T ) .S-TDT TDT TDTn 1
Power comparisons of TTDT and TS-TDT can be obtained
through the expected values and variances of these sta-
tistics. For the models appropriate for many complex
diseases, the probability that an M allele is transmitted
from a heterozygous parent to an unaffected sib is very
close to .5 (Spielman and Ewens 1998), so the genotypes
of unaffected offspring can be treated as random ob-
servations from the parental genotypes. Then E (Y ) ≈77
, and , giving′ nm E(T ) ≈ 0 E (T ) ≈ n/(n 1)0 TDT S-TDT
E(TTDT).
We now show that the variances of TTDT and TS-TDT
are approximately equal. We define gA and gN as the
probabilities that an M allele is transmitted from a het-
erozygous parent to, respectively, an affected or unaf-
fected sibling. Good approximations to the sampling dis-
tributions of Y77 and X7 are andY  c ∼ Bi(nh,g )77 N N
, respectively, where h is the numberX  c ∼ Bi(h,g )7 A A
of heterozygous parents in the sample and cN and cA are
constants determined by the number of MM parents in
the sample. The approximation arises because the alleles
transmitted from parents to a particular child are not
independent conditional on the disease status of the child
(Bickebo¨ller and Clerget-Darpoux 1995), but it is ade-
quate for most complex diseases and is exactly true for
multiplicative disease models (e.g., see Whittaker et al.
1998). Thus,
21 1( ) ( )Var X hg 1 g h  g 7 A A A( )[ ]4 2
and
21 1( ) ( )Var Y nhg 1 g nh  g  .77 N N N( )[ ]4 2
For complex disease models, gA and gN will be suffi-
ciently close to that and1 Var (Y ) ≈ nVar (X )77 72
1( ) ( )Var T  Var XTDT 72j
1 ′( )≈ Var Y  Var(T ) .77 TDT2nj
Conditional on parental genotypes, X7 and Y77 are in-
dependent—and, hence, TTDT and are
′T TDT
independent—and
1 ′( ) ( )Var T  [nVar T  Var(T )]S-TDT TDT TDTn 1
( )≈ Var T ,TDT
as required.
We have shown that E (T ) ≈ n/(n 1)E (T )S-TDT TDT
and that TTDT and TS-TDT have approximately equal var-
iances. When the standard formula for power (e.g., see
Risch and Merikangas 1996) is used, it follows that, if
the two tests are to have the same power, then, for the
TDT, we require as many families with a singlen/(n 1)
affected and n unaffected offspring as are required for
the S-TDT.
The S-TDT is required only when parental genotypes
are missing—and, hence, when j0 is unknown and must
be estimated from the sib data. Spielman and Ewens
(1998) have provided an estimator based on their per-
mutation procedure; an alternative would be to use the
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sample SD of . For large sampleX  (X  Y )/(n 1)i i i7
sizes the distribution of TS-TDT is well approximated by
the standard normal, whereas for small sample sizes ex-
act tests should be used. The results given above depend
on the assumption that the probability that an M allele
is transmitted from a heterozygous parent to an unaf-
fected sib is .5. This probability is actually slightly !.5,
so that E(Y77) is slightly less than nm0, and the formula
above slightly understates the power of the S-TDT; but,
for complex diseases, the discrepancy is insufficient to
be of practical importance.
These results allow us to evaluate the optimum num-
ber of unaffected sibs to genotype if multiple unaffected
sibs are available. Using only one unaffected sibling
( ) will require twice the number of families as isn  1
required for the TDT. Two unaffected siblings ( )n  2
give the same genotyping load per family as is given for
the TDT but require 50% more families to achieve the
same power. These results can also be used to consider
the trade-off between genotyping costs and power. For
example, for a specific number of genotypes, maximum
power is obtained for the S-TDT by inclusion of only
one unaffected sibling per family.
The loss of power in the S-TDT may be severe, par-
ticularly if only a single unaffected sib is available. Also,
of course, families with no unaffected sibs cannot be
used in the S-TDT. However, the extension of TDT to
sibling-based sampling will allow family-based associ-
ation testing to be performed for late-onset diseases
when parental samples are not available. In this case,
the loss of power will be outweighed by the utility of
the study design. An overall assessment of design of a
study can be made, allowing for the availability of dif-
ferent family members and for costs of family ascer-
tainment, phenotype testing and genotyping.
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